Introduction: Totipotency in Plants and Animals
===============================================

Totipotency (Box [1](#BX1){ref-type="boxed-text"}) conveys the idea that many plant mature cells are not terminally differentiated but rather retain developmental plasticity. Except for certain types of terminally differentiated cells (e.g., tracheary elements, sieve-tube cells, and highly lignified cells such as mature fibers and sclereids) plant cells are capable under certain conditions to dedifferentiate, re-enter the cell cycle, proliferate and regenerate tissues, organs and entire fertile plants. Given the importance of *in vitro* plant regeneration for a wide range of applications including basic research, micropropagation, germplasm conservation, and formation of genetically modified plants, there are numerous reports demonstrating the totipotency nature of plant cells (Vasil and Vasil, [@B123]; Thorpe, [@B117]). Recently, Sugimoto et al. ([@B113]) cast doubt on the idea that many of the plant cells are totipotent and retain capacity for switching fate and regeneration. The authors suggested that parenchymatous cells surrounding the vasculature, that is, pericycle or "pericycle-like cells" function as adult stem cells and serve as the major origin of regenerative tissue. Conceivably, pericycle cells represent an example of totipotent cells, but no evidence exists to show that pericycle cells are genuine stem cells (having characteristic features of stem cells, see below) neither evidence that these are the major cells from which regeneration of plant tissues and organs initiated. In fact, this hypothesis stands in contrast with numerous reports demonstrating the totipotent nature of mesophyll cells and protoplasts and their ability to re-enter the cell cycle, proliferate and form callus from which shoots and roots can be formed to give rise to whole fertile plants (Takebe et al., [@B115]; Frearson et al., [@B27]; Vasil and Vasil, [@B124]; Shepard and Totten, [@B105]). Furthermore, in contrast to the idea that callus is formed *via* activation of stem cell-like pericycle cells rather than dedifferentiation (see Box [1](#BX1){ref-type="boxed-text"}) of somatic cells (Sugimoto et al., [@B114], [@B113]), Iwase et al. ([@B48]) showed an induction of callus-like cells from the epidermal cell layer of roots, hypocotyls and cotyledons of *Arabidopsis thaliana*.

Totipotency -- a term signifying that cells maintain whole developmental capacity and under appropriate conditions can multiply and give rise to all types of cells that make up a new organism. An apparent example of a totipotent cell is the zygote, which is formed during fertilization from the union of the male gamete (sperm) with the female gamete (ovum) eventually leading to embryo development. In plants and various vertebrates, somatic differentiated cells may regain totipotency *via* dedifferentiation.

Differentiation -- differentiation is often referred to as the sum of developmental processes whereby apparently unspecialized cells attain their mature form and function (Merriam-Webster's Medical Dictionary) or as a process by which cells acquire or possess a character or function different from that of the original cell type (American Heritage Dictionary). At the gene expression level differentiation refers to the acquisition or possession of a specific pattern of gene expression (an interplay between transcribed and untranscribed genes), which is different from that of the previous (often primordial) cell type that bring about specific form and function of the cell.

Dedifferentiation -- this process has often been studied with respect to cell proliferation leading to the erroneous assumption that re-entry into the cell cycle represents the actual event of dedifferentiation and that callus cells are essentially dedifferentiating cells (Grafi, [@B31]). However, the prefix "de" indicates doing the opposite of, or going in reverse, and thus the term dedifferentiation was initially coined to describe the reversal of cells from a given differentiated state into a more primordial state ("an indifferent embryonic cell type") as deduced from changes in cell shape and morphology (Champy, [@B13] as cited by Uhlenhuth, [@B120]). Apparently, dedifferentiation and re-entry into the cell cycle are two distinct processes and it is suggested that dedifferentiation represents a transient phase conferring competence to switch fate and thus preceding not only re-entry to the cell cycle but also re-differentiation/trans-differentiation and even a commitment for cell death (see Figure [1](#F1){ref-type="fig"}).

Re-differentiation/trans-differentiation -- The term re-differentiation is often used to convey different meanings and as such the term may be confusing and misleading. Because "re" is a prefix indicating return to a previous condition, the term re-differentiation is often understood as "a process by which a group of once differentiated cells return to their original specialized form." However, in plants, the term re-differentiation is commonly used not in the sense of returning to a previous differentiated state but rather to express the idea that differentiated plant cells do not lose their developmental capacity and are capable of repeated cycles of differentiation (re-differentiation). Thus when parenchyma cells are converted into tracheary elements (terminal differentiation) or into meristematic cells, in both cases, cells are said to have undergone re-differentiation although they have acquired completely different fates and certain cells may lose their capacity for repeated cycles of differentiation (e.g., tracheary elements). On the other hand, "trans" is a prefix meaning "across" or "beyond" and well conveys the idea that a given differentiated cell has acquired a different differentiated state "beyond" the previous one.

Although totipotency is an apparent feature of many plant cells, animal cells retain, at least to some extent, totipotency as well. This is exemplified in somatic cell nuclear transfer whereby transplantation of a somatic cell nucleus into an enucleated oocyte induces nuclear reprogramming eventually giving rise to the formation of a zygote-like cell from which viable offspring can be generated (reviewed in Gurdon and Wilmut, [@B39]). Likewise, totipotency is retained in vertebrates such as fish and salamanders, which are capable of regenerating amputated appendages such as limbs, fins, and tails. This regeneration capacity is accomplished *via* formation of a blastema -- a mass of proliferating cells at the amputation site from which missing body parts are reformed (Stocum, [@B112]; Kragl et al., [@B59]; Knopf et al., [@B56]). Although blastema cells can be formed, at least partly, from adult stem cells (e.g., resident muscle stem cells/satellite cells, Slack et al., [@B109]) there are many reports demonstrating that blastema cells are formed from adult somatic cells *via* dedifferentiation and that dedifferentiation of mature cells is a prerequisite for proliferation and blastema formation (Hay, [@B40]; Echeverri et al., [@B20]; Echeverri and Tanaka, [@B21]; Slack, [@B108]; Brockes and Kumar, [@B12]; Kragl et al., [@B59]; Knopf et al., [@B56]). Recent data showed that the blastema is composed of a heterogenous cell population with restricted developmental capacity inasmuch as most proliferating cell types appear to keep a memory of their tissue of origin (Kragl et al., [@B59]; Knopf et al., [@B56]). This restricted potential has been interpreted as a sign that regeneration is achieved without complete transition into a pluripotent state (Kragl et al., [@B59]; Knopf et al., [@B56]). Yet, we cannot exclude the possibility that blastema cells are in fact pluripotent, but their developmental potential is restricted due to persistence of signal(s) (i.e., markers of differentiation) of their tissue of origin, which favors their differentiation into cell types related to the donor cell. Indeed, it has recently been shown that induced pluripotent stem cells (iPSCs) produced from different cell types retain, at least at early passages, a transient epigenetic memory of their somatic cells of origin demonstrated by their differential gene expression and differentiation capacity; at late passages these differences are attenuated (Kim et al., [@B53]; Polo et al., [@B91]).

![**The characteristic features of cellular dedifferentiation**. Somatic cells (such as parenchyma, collenchyma, or mesophyll cells) can be reprogrammed following exposure to various internal or external signals resulting in dedifferentiation and acquisition of a transient, stem cell-like state. This transient state is accompanied by global chromatin decondensation -- a hallmark of stem cells. Depending on the type of stimulus, dedifferentiated cells can be induced to trans-differentiate/re-differentiate, re-enter the cell cycle or undergo a programmed cell death.](fpls-02-00053-g001){#F1}

Stem Cells in Plants
====================

It is commonly accepted that stem cells, in plants, are localized at distinct regions called meristems. Meristems are of several types and include the apical meristems, which are commonly located at the apices of roots and shoots, and are responsible for primary growth leading to elongation of the shoot and the root axes. Many woody resprouter plants have adventitious apical meristems hidden underneath the bark (epicormic buds) or located at lignotuber -- a starchy swelling of the root crown, which sprout following exposure to stress, particularly fire (James, [@B50]; Waters et al., [@B127]). Other meristems responsible for secondary growth and thickening of the shoot and root axes are known as lateral meristems and include the cambium that gives rise to secondary vascular tissues (xylem and phloem) and the phellogen (cork cambium) responsible for the development of the periderm (Fahn, [@B23]). Another putative meristem common to grasses is the intercalary meristem often located at internodes or at the bases of leaves and responsible for rapid re-growth of damaged leaves. Since the meristem is composed of several distinguishable domains, namely, the central zone, the rib meristem, and the peripheral zone it is not clear whether stem cells are restricted to a specific domain (central zone) or are populating all domains within the meristem. The latter possibility may prevail inasmuch as cells capable of mediating complete organ regeneration are dispersed in the plant meristem and are not restricted to the "so-called" stem cell niche; even young leaves/leaf primordia (about 200 μm in length) appeared to contain (stem) cells capable to re-pattern complex tissues (Sena et al., [@B104]). Thus, it appears that the stem cell state may persist in plant tissues and organs during initial stages of their development and that cells within the different domains of the meristem have stem cell properties (Laux, [@B63]). This may be supported by a recent transcriptome analysis of the shoot apical meristem (SAM) domains (Yadav et al., [@B131]). Scatter plot analysis of the available microarray dataset compiled by Yadav et al. ([@B131]) showed that the gene expression profile of the central zone (CZ CLV3) is highly similar to those of the rib meristem (RM WUS) and the peripheral zone (PZ FIL; data not shown). Considering that most plant cells are fixed in place, except for those displaying significant intrusive growth (Lev-Yadun, [@B66]), and cannot migrate from one site to another as animal cells can do, the biological importance of having adult stem cells embedded in somatic plant tissues may be insignificant. Instead, cellular plasticity has evolved in plants as an adaptive trait providing many somatic cells with developmental flexibilities and with the capacity for dedifferentiation and acquisition of pluripotent state.

What are Stem Cells?
====================

A notable problem in stem cell biology is their definition by developmental means, namely, self-renewal and differentiation into multiple cell types, rather than by their intrinsic features (Potten and Loeffler, [@B92]; McKay, [@B77]). This led to the incorrect assumption that re-entry into the cell cycle for the purpose of "self-renewal" represents an inherent feature of stem cells and that stem cell features can be fully maintained under culture conditions (Grafi and Avivi, [@B33]). Consequently, the attempts to uncover the "stem cell signature" in humans *via* transcriptome analyses of different stem cell culture lines failed as these experiments yielded different "signatures" and non-overlapping "stemness genes" (Ivanova et al., [@B47]; Ramalho-Santos et al., [@B95]; Fortunel et al., [@B26]). It appears that contrary to the idea that stem cells represent a unique entity that is characterized by the expression of specific genes, stem cells appear to represent a unique transient state characterized by promiscuous expression of differentiation-specific genes (Zipori, [@B137]). In addition, a high number of reports demonstrated a fundamental feature of stem cells, that is, they acquire open, decondensed chromatin architecture, which is essential though not sufficient for initiating large scale gene transcription (Gaspar-Maia et al., [@B28]; Grafi et al., [@B36]).

The open chromatin conformation characteristic of animal stem cells was initially revealed by electron microscopy examination of erythropoietic cells. These studies showed that stem cells are characterized by large nuclei and homogenous euchromatin, while maturation is accompanied by an increase in nuclear condensation (MacRae and Meetz, [@B74]; Murphy et al., [@B84]; Miura et al., [@B79]). These observations were supported by micrococcal nuclease assays showing that the nucleosome repeat length (NRL) increases from 190 to 212 base pairs during erythropoiesis in the chick (Weintraub, [@B128]), which is required for the formation of the 30-nm DNA fiber-induced chromatin compaction (Routh et al., [@B102]). Furthermore, concomitantly with increasing NRL, a significant increase was observed in the concentration of histone H5 (Weintraub, [@B128]) -- a linker histone necessary for stabilization of higher order chromatin structure (Robinson and Rhodes, [@B100]). Similarly to animal stem cells, ultrastructural observations of the nuclei in the shoot apex of the plant *Tradescantia paludosa* showed that a large proportion of the chromatin is organized as less condensed, diffused euchromatin fibrils (Booker and Dwivedi, [@B9]).

Switching Cell Fate in Plants
=============================

The withdrawal of somatic cells from their differentiated state is likely to occur following internal (developmental) and external signals (stress) that force the cell to stop performing its current function and undergo reprogramming (dedifferentiation) to become competent for switching fate (e.g., re-entry to the cell cycle, trans-/re-differentiation, and cell death). Dedifferentiation is uncovered by multiple phenomena in plants including cell culturing, or abnormal growths often referred to as galls, tumors, or neoplasms. These growth abnormalities can be induced by abiotic factors (e.g., irradiation), pests, or by pathogenic organisms such as bacteria, fungi, and viruses (Morrow and Tibbitts, [@B80], and references therein).

Switching fate can occur during the normal developmental program of plants. This is exemplified in the development of secondary meristems such as the interfascicular cambium, which arises from parenchyma cells located between vascular bundles, or the cork cambium, which arises from parenchyma or collenchyma cells beneath the epidermis (Fahn, [@B23]).

Stress is probably a major factor leading somatic cells to switch fate *via* dedifferentiation (Grafi et al., [@B35]). A well-known example is the formation of regenerative xylem from cortical parenchyma cells following wounding, which is often referred to as a process of re-differentiation (Sachs, [@B103]). Accordingly, wounding of *Cucurbita* stems resulted in a curved pattern of xylem regeneration immediately around the wound, which was derived from interfascicular parenchyma, to restore continuity of the severed longitudinal vascular bundle (Aloni and Barnett, [@B1]). In addition, wounding induced the development of phloem anastomoses -- naturally occurring regenerative sieve tubes, which differentiate from interfascicular parenchyma cells between the longitudinal vascular bundles (Aloni and Barnett, [@B1]). Similarly, xylem regeneration from parenchyma cells was reported in inflorescence stems of *A. thaliana* following wounding (Flaishman et al., [@B25]). Furthermore, treatment of differentiated leaf cells with cell wall degrading enzymes results in production of protoplast cells displaying characteristic features of stem cells including open chromatin conformation and the capacity to acquire different fates depending of the type of stimulus supplied (Zhao et al., [@B134]; Williams et al., [@B130]; Grafi, [@B31]). Senescence is another example for stress-induced dedifferentiation associated with chromatin remodeling (Damri et al., [@B16]). *Arabidopsis* leaves induced to senesce by exposure to dark exhibited transcriptome profile with high similarity to dedifferentiating protoplast cells (Lin and Wu, [@B67]; Damri et al., [@B16]). Further study of dark-induced premature senescence of tobacco leaves revealed features of stem cells including open chromatin configuration, disrupted nucleolus and condensation of rRNA gene clusters (Damri et al., [@B16]). Indeed, molecular, biochemical, and bioinformatic analyses suggest that *Arabidopsis* plants responding to various stress conditions feature dedifferentiation and acquisition of stem cell-like state prior to a switch in cell fate (Grafi et al., [@B35], and references therein). Likewise, it has recently been proposed that cell dedifferentiation may occur in mammalian somatic cells as an adaptation for extreme stress conditions (Shoshani and Zipori, [@B107]).

Chromatin Structure and the Stem Cell State
===========================================

The nucleosome represents the basic structural unit of chromatin and is made from DNA wrapped around a core of histone proteins (two of each) H2A, H2B, H3, and H4. All core histone proteins share a common structural motif called the histone fold which is necessary for the interactions between core histone proteins and for the interaction between histone octamer and duplex DNA (Arents and Moudrianakis, [@B4]). The histone amino-terminal tail is unstructured and protruding outside the nucleosomal disk (Luger et al., [@B72]) where it can contact with neighboring nucleosomes or with proteins or protein complexes that affect chromatin structure and function. The structure of chromatin is flexible due to multiple types of reversible chemical modifications that occur on the DNA (cytosine methylation) or on the DNA interacting core histone proteins. Most modifications of histone proteins occur on the N-terminal tails and include acetylation, methylation, phosphorylation, and ubiquitination. Reversibility of DNA and histone modifications as well as chromatin remodeling often occur following exposure to various biotic and abiotic stress conditions -- a topic covered by multiple recent reviews (Alvarez et al., [@B2]; Kim et al., [@B54]; Luo et al., [@B73]; Vaahtera and Brosché, [@B121]; Yaish et al., [@B132]; Zhu et al., [@B136]). Changes in DNA and histone chemical modifications are made possible due to the activities of several groups of chromatin modifier enzymes that add or remove specific chemical group (e.g., methyl, acetyl) from the DNA or from the histone proteins. DNA methylation is catalyzed by various types of DNA methyltransferases, which transfer a methyl group from *S*-adenosyl-[l]{.smallcaps}-methionine to position 5 of the pyrimidine ring of cytosine (for recent review see Vanyushin and Ashapkin, [@B122]). Active DNA demethylation in plants is generally carried out by a base excision repair (BER) pathway that can be induced following the activity of the DME/ROS1 family of DNA glycosylases or by the coupled activities of 5-methylcytosine deaminase that converts 5-methyl-C to thymidine, and G/T mismatch DNA glycosylase that corrects the G/T mismatch (reviewed in Zhu, [@B135]). An acetyl group is added by histone acetyltransferases (HATs) and are removed by histone deacetylases (HDACs), while a methyl group is added by a large group of histone methyltransferases (SET containing proteins) and removed by the activities of lysine-specific demethylase 1 (LSD1) and the jumonji classes of histone demethylases (for recent reviews on chromatin modifier enzymes see Chen et al., [@B14]; Chen et al., [@B15]; Luo et al., [@B73]; Thorstensen et al., [@B118]).

Gene promoters can be found in three fundamental states determined by their histone modification marks, namely, restrictive/inactive (e.g., trimethylated H3K9/K27), permissive/active (e.g., trimethylated H3K4, acetylated H3K9), or both restrictive and permissive (e.g., trimethylated H3K27 and trimethylated H3K4) also known as "bivalent" state. SET domain-containing histone methyltransferase proteins, such as Clr4 (Cryptic locus regulator) in *Schizosaccharomyces pombe*, SUV39H1 and SUV39H2 in humans and Kryptonite/SUVH4 in *Arabidopsis* are enzymes that methylate histone H3 specifically at lysine 9 (Rea et al., [@B97]; Jackson et al., [@B49]; Malagnac et al., [@B75]). This methylation generates a binding site for heterochromatin protein 1 (HP1; Bannister et al., [@B6]; Lachner et al., [@B60]; Jackson et al., [@B49]; Zemach et al., [@B133]), which may lead to the formation of a condensed, repressive chromatin. Conversely, histone acetylation and/or methylation of histone H3 at lysine 4, 36, and 79 are often associated with "open" chromatin configuration and gene transcription (Eberharter and Becker, [@B19]; Shilatifard, [@B106]; Lee and Workman, [@B65]; Eissenberg and Shilatifard, [@B22]). More recently it has been shown that some non-expressed genes or genes expressed at low levels in human embryonic stem cells carry both permissive (trimethylated H3K4) and restrictive (trimethylated H3K27) chromatin marks (Azuara et al., [@B5]; Bernstein et al., [@B7]). This unique "bivalent" chromatin state suggests a model in which many tissue-specific regulatory genes are "primed" but their transcription is delayed until entry into a specific differentiation pathway that dictates either activation (e.g., recruitment of H3K27 demethylases) or silencing (e.g., recruitment of H3K4 demethylases) of the gene locus (Lan et al., [@B62]). Notably, bivalent domains were found to occur also in the genomes of somatic cells of *Arabidopsis* and rice where a large proportion of genes possessing the repressive mark H3K27me1 or H3K27me3 also contained permissive marks such as H3K4me3, acetylated H3K9, H3K36me3, and ubiquitinated H2B (Deal and Henikoff, [@B18]; He et al., [@B41]; Roudier et al., [@B101]). The prevalence of methylated H3K27 on poised gene promoters may point to the importance of polycomb proteins and PRC2 complex in regulating the stem cell maintenance in plants (Mosquna et al., [@B81]; Lafos et al., [@B61]). Thus, as mentioned above, a unique mechanism has been evolved in plants to cope with the fixed nature of their cells, namely, plasticity and the capacity for dedifferentiation. This is demonstrated by plant somatic cells displaying some attributes of animal embryonic stem cells whereby gene promoters may be primed for transcription but held in check until specific signals determine the fate of genes either for expression or repression.

Open chromatin configuration is the fingerprint of pluripotent stem cells and might serve as a major feature for defining the stem cell state. It might confer stem cells with the capacity for differentiation into multiple cell types and with the flexibility for rapid switching into the appropriate transcriptional program upon induction of differentiation. The open chromatin conformation can be maintained by chromatin modifier genes (CMGs) in a quantitative or qualitative manner (Grafi et al., [@B36]). The quantitative way suggests that open chromatin configuration is achieved by overrepresentation of CMGs, an approach that is well demonstrated in *Arabidopsis* SAM stem cells (Yadav et al., [@B131]). Further analysis of the available microarray dataset of the SAM stem cells revealed that among the 445 CMGs, which were represented on the ATH1 array, stem cells expressed 297 genes whose expression signal is higher than 256 (\>2^8^). The qualitative way proposes that open chromatin state is maintained by selective expression and repression of genes that promote the formation of permissive and restrictive chromatin, respectively. Accordingly, transcriptome profiling of dedifferentiating protoplast cells (Damri et al., [@B16]) showed that among the 465 CMGs on these ATH1 arrays only 95 genes displayed an expression signal higher than 256 (\>2^8^). However, close examination of these CMGs showed that many of the genes that were down-regulated in dedifferentiating protoplasts, such as histone deacetylase encoding genes SRT2, HDA14, and HDT4, as well as linker histone genes Hon1 and Hon2 are implicated in chromatin compaction. On the other hand, many of the CMGs that were upregulated, such as histone acetyltransferase encoding genes HAF1, HAC5, and HAG3 as well as histone demethylase genes JMJ21 and JMJ13 are implicated in chromatin decondensation. Thus, the expression profile of CMGs in dedifferentiating protoplast cells favors the acquisition of an open chromatin conformation.

Stress-Induced Dedifferentiation and Genetic Variation
======================================================

Barbra McClintock ([@B76]) has recognized the dramatic effect that stress (such as tissue culturing and pathogen infection) might impose on the genome predicting that aberrant genome responses to stress are likely to be induced by mobilization of transposable elements. Genome restructuring was first reported in maize following infection with the barley-stripe-mosaic virus (BSMV) resulting in increased frequencies of deficiencies or distortion of marker genes (Sprague et al., [@B111]). Insertional mutation in the maize Adh1 gene following BSMV infection (Mottinger et al., [@B82]) resulted from activation of the Bs1 transposable element -- a low copy number, copia-like transposon (Johns et al., [@B51]). Numerous reports have further demonstrated the effect of various biotic and abiotic stresses including tissue culturing, wounding, protoplasting, pathogen infection, UV light, salt, heat, and drought on genomic restructuring via DNA recombination and DNA transposition (Table [1](#T1){ref-type="table"}, see also Wessler, [@B129]; Tanurdzic et al., [@B116]; Mirouze and Paszkowski, [@B78]; Rigal and Mathieu, [@B99]). We suggest that genetic variation occurs in cells in the course of stress-induced cellular dedifferentiation *via* DNA recombination and DNA transposition (Grafi et al., [@B34]; Grafi, [@B32]). Notably, a high range of nuclear processes can be affected by TE activation including mutation of genes when inserted into coding regions, chromosome breakage, genome rearrangement, as well as the expression of neighboring genes by altering patterns of splicing and polyadenylation or by acting as enhancers or promoters (Girard and Freeling, [@B29]; Slotkin and Martienssen, [@B110]; Lisch, [@B68]; Boyko and Kovalchuk, [@B11]; Lisch and Bennetzen, [@B69]).

###### 

**Induction of homologous recombination and activation of transposons under various biotic and abiotic stress conditions**.

  Stress                                        References                        Comments
  --------------------------------------------- --------------------------------- -------------------------------------------------------------------------------------
  **INDUCTION OF HOMOLOGOUS RECOMBINATION**                                       
  UV light                                      Puchta et al. ([@B94])            *Arabidopsis*
                                                Ries et al. ([@B98])              Tobacco (UV-B)
                                                Filkowski et al. ([@B24])         Tobacco (UV-C)
  Oxidative stress                              Kovalchuk et al. ([@B58])         *Arabidopsis* -- Paraquat; Rose Bengal
                                                Filkowski et al. ([@B24])         Tobacco -- Rose Bengal; UV-C
  Salt                                          Boyko et al. ([@B10])             *Arabidopsis* -- 50 mM NaCl
                                                Puchta et al. ([@B94])            *Arabidopsis* -- 100 mM NaCl
  Heat shock                                    Lebel et al. ([@B64])             Tobacco protoplasts -- 45--50°C
  Viruses                                       Kovalchuk et al. ([@B57])         Tobacco -- TMV; oilseed rape mosaic virus (ORMV)
  *Peronospora parasitica*                      Lucht et al. ([@B71])             Arabidopsis
  **TRANSCRIPTION/ACTIVATION OF TRANSPOSONS**                                     
  UV light                                      Walbot ([@B125])                  Maize -- mutator element (UV -- 254 nm)
                                                Kimura et al. ([@B55])            Oat -- Ty1-copia (OARE-1)
                                                Ramallo et al. ([@B96])           Melon -- Reme1, copia-like (UV -- 252 nm)
  Salt                                          De Felice et al. ([@B17])         *Citrus limon* -- Ty1-copia-like, 1-month-old regenerated plants grown on 0.7% NaCl
  Drought                                       Ramallo et al. ([@B96])           Melon -- no activation of Reme1, copia-like
                                                Aprile et al. ([@B3])             Bread wheat -- transposons and retrotransposon
  Wounding                                      Pérez-Hormaeche et al. ([@B90])   Tobacco Tnt1 introduced into *Arabidopsis* plants
  Tissue culture/protoplasts                    Hirochika ([@B43])                Tobacco -- Tnt1, Tto1, Tto2
                                                Pouteau et al. ([@B93])           
                                                Hirochika et al. ([@B44])         Rice (*Oryza sativa*) -- Tos17 retroelement
                                                Pearce et al. ([@B88])            Potato protoplasts-Ty-1 copia retroelement
                                                Ngezahayo et al. ([@B85])         Rice -- *mPing* element
                                                Tanurdzic et al. ([@B116])        *Arabidopsis* cell suspension culture
  Viruses                                       Johns et al. ([@B51])             Maize -- copia-like (barley-stripe-mosaic virus, BSMV)
  *Agrobacterium tumefaciens*                   Bhatt et al. ([@B8])              Transgenic *Arabidopsis* lines, (Landsberg erecta ecotype) -- Tag1
  Heat (37°C, 24 h)                             Ito et al. ([@B46])               *Arabidopsis thaliana* -- copia-type retrotransposon ONSEN
                                                Pecinka et al. ([@B89])           *Arabidopsis* -- prolonged heat stress (30 h) at 37°C

Commonly, researchers are not aware that removal of cells or tissues from the plant body into tissue culture environment might impose an extreme stress over the cells resulting in reprogramming, dedifferentiation and acquisition of stem cell-like state prior to re-entry into the cell cycle (Figure [2](#F2){ref-type="fig"}). In this respect, it is worth mentioning McClintock's view on cell culturing stating, "Some responses to stress are especially significant for illustrating how a genome may modify itself when confronted with unfamiliar conditions. Changes induced in genomes when cells are removed from their normal locations and placed in tissue culture surroundings are outstanding examples of this" (McClintock, [@B76]). It is thus conceivable that the genotype(s) of somatic cells entering the cell cycle may not be identical to the genotype of the original somatic cells and that a genotype(s) conferring increasing fitness for tissue culture conditions may prevail.

![**Cell culturing -- a special case of stress-induced dedifferentiation and genetic variation**. Removal of tissues from the plant body and placing them in cell culture environment is stressful leading to cellular reprogramming and acquisition of a transient, dedifferentiated, stem cell-like state. This transition is associated with widespread chromatin decondensation often accompanied by DNA transposition and/or recombination. Further signals induce cell cycle re-entry (G1 to S transition), proliferation, and callus formation. Notably, cells entering the cell cycle, each may possess a genotype, which is different from that of the original somatic cell.](fpls-02-00053-g002){#F2}

Presently, it is not clear why the genome become vulnerable under certain stress conditions. Stochastic epigenetic modifications associated with chromatin decondensation may release constraints over transposable elements resulting in their activation and transposition into other chromosomal sites. Indeed, transposition of *mPing* -- an endogenous miniature inverted-repeat transposable element (MITE) in the rice genome was activated in tissue culture. This activation was correlated with alteration in cytosine methylation pattern of the *mPing* element (Ngezahayo et al., [@B85]). Similarly, MITEs and long terminal repeat (LTR) retrotransposons were activated in certain rice cultivars under spaceflight stress conditions; transposition was correlated with cytosine demethylation within the elements (Long et al., [@B70]; Ou et al., [@B86]). Introduction of the tobacco *Tnt1* retroelement into *Arabidopsis* plants resulted in *Tnt1* silencing mediated by small interfering RNA-induced non-CG methylation of its LTR; silencing was partly reversed by stresses (Pérez-Hormaeche et al., [@B90]). Also, infection of *Arabidopsis* leaves with the pathogen *Pseudomonas syringae* resulted in hypomethylation of centromeric DNA accompanied by structural alteration of chromatin (Pavet et al., [@B87]). It should be noted, however, that activation of repeated elements following exposure to stress (e.g., heat shock) can occur without notable changes in DNA and histone methylation (Pecinka et al., [@B89]; Tittel-Elmer et al., [@B119]); a reduction in nucleosome occupancy was correlated with the activation of these repeats (Pecinka et al., [@B89]). Interestingly, exposure to heat stress resulted in widespread decondensation of centromeric repeats (Pecinka et al., [@B89]), which may be indicative for the acquisition of dedifferentiated, stem cell-like state.

Stochastic genome reorganization and chromatin decondensation could bring highly similar or identical DNA sequences into close proximity and under appropriate conditions, such as double strand DNA break (DSB), homologous recombination (HR) can be induced. DSBs can be generated in the course of transposition and/or by specific enzymes such as topoisomerases (reviewed in Wang, [@B126]) and single-stranded DNA endonucleases that target weakly hydrogen bonded regions (e.g., AT-rich regions) within double strand DNA (Grafi and Larkins, [@B37]). Interestingly, topoisomerases are upregulated in plants following exposure to various stress conditions (Mudgil et al., [@B83]; Hettiarachchi et al., [@B42]) and their activities might be necessary for proper function of the meristem (Graf et al., [@B30]). Apparently, these HR events are stress-induced (Table [1](#T1){ref-type="table"}) and could irreversibly modify the genome often leading to somaclonal variation in plants and to diseases in humans (Kaeppler et al., [@B52]; Griffin and Thacker, [@B38]; Hurles, [@B45]).

Concluding Remarks
==================

An immense body of published data supports the idea that plant somatic cells retain plasticity, that is, the capacity for dedifferentiation and switching fate. Dedifferentiation is a unique, transient state that represents a developmental decision point having features of stem cells from which cells can take different fates including return to a previous or assume a new differentiation state (re-differentiation and trans-differentiation, respectively), re-enter to the cell cycle and even commit for death. Accumulating data suggest that the stem cell niche in the SAM is much broader that thought; the stem cell state is not restricted to cells localized at the central zone but characterizes all cells within the SAM including the peripheral zone and leaf initials. Open chromatin configuration emerges as a fundamental feature of stem cell, which might confer stem cells with the capacity for rapid switching into the appropriate transcriptional program upon induction of differentiation and with the flexibility needed for differentiation into multiple cell types. Finally, in recent years there is growing body of evidence implicating dedifferentiation in response to stress both in plants and animals. Exposure of plants to stress (e.g., cell culturing, virus infection) might lead to epigenetic and genetic variations and consequently to phenotypic alterations. This idea has been categorically expressed by McClintock ([@B76]) with respect to plant regeneration by means of tissue culture: "It may be safe to state that no two of the callus derived plants are exactly alike, and none is just like the plant that donated the cell or cells for the tissue culture." In light of this, it is possible that many of the dedifferentiation-derived cells obtained through re-differentiation, trans-differentiation, or re-entry into the cell cycle, each possesses a genotype, which is not exactly like the genotype of the original differentiated cell(s).
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